III-N x -V 1−x highly mismatched alloys ͑HMAs͒ have been proposed as promising material candidates for the development of high efficiency solar cells. According to the band anticrossing model, these alloys present a multiband character with an intermediate band within the otherwise fundamental bandgap that gives them the ability of improving the efficiency by means of below-bandgap photon absorption. The efficiency of GaN x As 1−x , GaN x P 1−x , and their quaternaries In y Ga 1−y N x As 1−x and GaN x P 1−x−y As y is estimated theoretically versus nitrogen content in this letter. Low nitrogen content in the range of 1%-3.5% in the HMAs analyzed leads to theoretical efficiencies above 60%. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3013570͔
Intermediate band ͑IB͒ solar cells have been proposed in order to substantially increase the efficiency of solar cells. A limiting efficiency as high as 63.2% has been predicted for these solar cells, 1,2 which represents a higher figure than the one predicted for a tandem of two cells ͑55.4%͒ and single gap solar cells ͑40.7%͒.
The IB concept is based on having a band within the otherwise conventional bandgap of a semiconductor ͑Fig. 1͒. Thanks to the presence of this band, an IB material is able to absorb photons not only from the valence band ͑VB͒ to the conduction band ͑CB͒ but also from the VB to the IB and from the IB to the CB. This below-bandgap photon absorption is at the origin of the higher efficiency.
Three quasi-Fermi levels ͑ F,CB , F,VB , and F,IB ͒ coexist in the IB material each related to the carrier population in each of the three bands involved ͑Fig. 1͒. In order to preserve the output voltage ͑qV = F,CB − F,VB ͒ of the solar cell, the IB must be electrically isolated from the contacts.
To calculate the maximum efficiency, the IB model also assumes ideal photon absorption selectivity and that all the recombination processes between bands are radiative. Ideal photon absorption selectivity implies 3 that a photon of a given energy can only be absorbed through transition from the VB to the CB, from the VB to the IB or from the IB to the CB denoted by A VB→CB , A VB→IB or A IB→CB in Fig. 1 . Ideal photon selectivity causes that the limiting case in which the IB is located exactly at the gap center produces no effect in the cell performance. On one hand, this is due to the fact that with the IB located exactly at the gap center, the absorption of below-bandgap energy photons do not lead to the generation of a net electron hole in the CB and VB ͑because if, for example, transition A VB→IB is possible then, A IB→CB is not͒. On the other hand, due to detailed balance, it does not introduce either a radiative recombination path between the CB and VB. A detailed description of additional properties and constrains for IB materials and solar cells can be found elsewhere.
1,2,4
The published results concerning IB materials that involve experimental work are related to the use of quantum dot ͑QD͒ nanostructures and III-N x -V 1−x highly mismatched alloys ͑HMAs͒. The QD approach 5 has proven some basics of the theory, including the coexistence of three quasi-Fermi levels, [6] [7] [8] and the extraction of photocurrent from the IB → CB transition due to below-bandgap photon absorption. 9 On the other hand, a good quality HMA IB material has been synthesized 10 by nitrogen ion implantation followed by a combination of rapid thermal annealing and pulse laser melting. The origin of the IB in HMAs such as III-N x -V 1−x has been explained by the two-level band anticrossing model 11 ͑BAC͒ as a splitting of the CB due to the presence of a related nitrogen resonant impurity level above the CB of the III-V host semiconductor matrix. The BAC model explains properly the experimentally observed composition and pressure dependencies of the bands in III-N x -V 1−x alloys 12 and has predicted several related effects such as the enhancement of the electron effective mass 13 and the improvement of donor activation efficiency. 14 A practical and useful aspect of the QD and HMA approaches is that the position of the IB can be tuned in order to get the ideal optimum efficiency. For the QD approach, it can be made by tailoring the size of the nanostructures forming the IB material, 15 whereas for the nitride alloy approach, the IB position within the bandgap is dependent on the ni-trogen content. 12 In this letter, we will analyze the optimum nitrogen content in several diluted III-N x -V 1−x alloys required to reach the maximum photovoltaic conversion efficiency. The conditions and procedure for the estimations of the efficiencies that we will assume in this letter have been described in detail in Ref. 1.
According to the BAC model, the newly formed subbands due to the nitrogen presence in the alloy named E+ and E− ͑CB and IB, respectively͒ have energy dispersion relations given by
where E C ͑k͒ is the energy dispersion of the lowest related CB of the host matrix, and E L is the energy of the localized states derived from the substitutional N atoms. V describes the coupling between the localized states and the band states of the host, and x is the nitrogen concentration in the alloy ͑x ͓0,1͔͒.
Among the different III-N x -V 1−x HMAs that have been reported having a multiband character we will focus our attention in the ternaries GaN x As 1−x and GaN x P 1−x and their quaternaries In y Ga 1−y N x As 1−x and GaN x P 1−x−y As y . Adding In to GaN x As 1−x or As to GaN x P 1−x allows for lattice matching and defect free epitaxial growth on readily available substrates. Thus In y Ga 1−y N x As 1−x can be lattice matched to GaAs ͑for y ϳ 3x͒ or germanium. It can be also lattice matched to Al y Ga 1−y As, which is probably the best candidate for the p and n emitters sandwiching the IB material. On the other hand GaN x P 1−x−y As y can be lattice matched to silicon. Figure 2͑a͒ shows the BAC theoretical dispersion relations for GaN x As 1−x as a function of the nitrogen content given by Eq. ͑1͒ at room temperature. For this particular alloy E C ͑k͒ = 1.42 eV, E L = 1.65 eV, and the coupling parameter V = 2.7 according to experimental data fitting process.
12 Figure 2͑b͒ shows the efficiency estimated according to the model presented in Ref. 1 for GaN x As 1−x as a function of nitrogen content. The plot shows ideal ͑radiative limit͒ efficiency estimations for the IB material considered operating under 1ϫ, 1000ϫ, and 46050ϫ suns of light concentration. Notice the presence of two close maxima of efficiency in the nitrogen content range analyzed in this work ͑x ͓0 , 0.1͔͒. The maximum efficiency 61.1%, is obtained for a nitrogen content of 1.25%. It also represents the best scenario attending practical aspects because at present, only good quality samples have been developed for diluted III-N x -V 1−x HMAs. Table I lists the optimum nitrogen content, transition energies, and maximum ideal efficiencies for the selected III-N x -V 1−x HMAs analyzed in this letter. The values for E C ͑k͒, E L , and the coupling parameter V for the different analyzed alloys can be found in the literature. 12, [16] [17] [18] Nitrogen contents leading to the location of the IB at the gap center and minimum efficiency when photon selectivity is considered are also given in Table I .
In summary, we have calculated the optimum nitrogen content in order to obtain the maximum ideal efficiency in selected III-N x -V 1−x HMAs according to the ideal IB solar cell theory. Low nitrogen content in the range of 1%-3.5% in the HMAs analyzed can conduce to efficiencies over 60% for most of the cases. Finally, it must be remembered that the calculations refer to the radiative limiting efficiency. Practi- 
